Hormone-sensitive lipase (HSL) is expressed and enzymatically active in ␤-cells and has been proposed to be involved in the generation of the lipid-derived signal that seems to be necessary for glucose-stimulated insulin secretion. In this study, we investigated whether the expression of HSL in INS-1 cells and in rat islets is affected by exposure to high glucose concentrations. Incubation of INS-1 cells in 25 mmol/l glucose for 16 and 32 h induced HSL protein expression twofold, whereas no effect was observed after 4 and 8 h of incubation. The HSL activity, defined as the diglyceride lipase activity inhibited by anti-rat HSL antibodies, constituted ϳ25% of total diglyceride lipase activity and was induced to a similar extent as HSL protein levels. The glucose effect at 16 h on HSL protein expression level was confirmed in freshly isolated rat islets. Exposure of INS-1 cells to different glucose concentrations for 16 h showed that the inductive effect on HSL protein levels was maximum at 20 mmol/l glucose (2-to 2.5-fold). Northern blot analysis demonstrated a more than threefold elevation of HSL mRNA levels. The induction was blocked by actinomycin D, and the half-life of the transcript seemed to be unchanged by high glucose, suggesting a transcriptional nature of the glucose effect on HSL gene expression. The nonmetabolizable glucose analog 2-deoxyglucose, which has no mitogenic effect, induced HSL ϳ1.3-fold, whereas mannose was similar to glucose, stimulating HSL expression 1.7-to 2-fold. The results suggest that HSL is involved in the ␤-cell responses to hyperglycemia and also in generating the lipid signal that is needed in stimulus-secretion coupling. Diabetes
I
t is known that an important event underlying glucose-stimulated insulin secretion (GSIS) is an increase in the intracellular ATP/ADP ratio, resulting in closure of ATP-sensitive K ϩ channels, depolarization of the cell membrane, and activation of voltagesensitive Ca 2ϩ channels, and leads to a rise in intracellular Ca 2ϩ concentration (1, 2) . However, accumulating data suggest that other, postglycolytic signaling pathways are involved in GSIS, and in recent years it has become clear that a lipid-derived signal is of importance (3) (4) (5) (6) (7) . However, the exact nature of the lipid signal, as well as the mechanism whereby it affects the insulin secretory process, is not known. Among candidates for the signal are malonylCoA, long-chain acyl CoA, and diacylglycerol (8 -10) . It has been shown that if ␤-cells are depleted of their triglyceride stores, then GSIS is blunted, which further emphasizes the role of the ␤-cell lipid signals for GSIS (11) . Conversely, islets that overstore triglycerides, for instance, islets of Zucker rats and ob/ob and db/db mice, are dysfunctional, possibly because of an incapability to generate the lipidmediated signal (12) . In fact, several adaptive changes occur at the level of lipid metabolism in response to long-term exposure of ␤-cells to high glucose concentrations, which might be of relevance for the altered GSIS after glucose exposure. These changes include increased triglyceride and phospholipid synthesis, decreased fatty acid oxidation, and induction of lipogenic enzymes (13) . Therefore, lipid signals seem to be required for normal GSIS and to also be involved in the adaptation to long-term glucose exposure. However, the mechanisms of the glucose effects on ␤-cell lipid metabolism remain to be established.
One important regulator of cellular lipid homeostasis is hormone-sensitive lipase (HSL), which catalyzes the hydrolysis of stored triacylglycerol (14) . The activity of HSL is hormonally regulated; cAMP-elevating agents, such as catecholamines, increase its activity via protein kinase A-mediated phosphorylation, whereas insulin prevents this activation, mainly via activation of phosphodiesterase 3B and thereby a reduction in cAMP levels (15, 16) . HSL is expressed in many tissues and was identified recently also in pancreatic ␤-cells (17) . It was shown to account for a significant part of the lipase activity in these cells and on this basis was proposed to be involved in generating the lipid-derived signal that seems to be necessary for GSIS. In this study, we investigated the ability of glucose to regulate HSL expression. Both normal islets and the rat insulinoma cell line INS-1 were studied. We found that longterm (Ն16 h) exposure of both INS-1 cells and rat islets to high concentrations of glucose induces the expression of HSL. The effect seemed to be transcriptional and to require phosphorylation of glucose to glucose-6-phosphate. The results support that HSL is involved in the ␤-cell adapta-tion to hyperglycemia and in the generation of lipid signals that are important for GSIS.
HSL mRNA stability. The effect of glucose on HSL mRNA stability was determined by addition of actinomycin D, a potent inhibitor of RNA polymerase II, to the cell culture medium. After an overnight preincubation of INS-1 cells in serum-free RPMI 1640 with 11 mmol/l glucose, cells were switched to 25 or 3.3 mmol/l glucose and 4 g/ml actinomycin D. Cells were harvested after 2, 4, and 10 h of incubation, and mRNA was extracted and quantified by Northern blot analysis (see above). Statistics. Values are expressed as means Ϯ SE. Differences between individual data were compared with Student's unpaired t test or by one-way analysis of variance, followed by Tukey's test for individual comparisons. The critical probability used to determine significance was P Ͻ 0.05.
RESULTS
Glucose augments the expression of HSL in INS-1 cells and in islets. The effect of glucose on HSL expression in ␤-cells was studied by incubating INS-1 cells in 3.3 or 25 mmol/l glucose for 4, 8, 16 , and 32 h. Western blot analysis of total cell homogenates revealed that after 4 and 8 h, there was no difference between high and low glucose, whereas after 16 and 32 h, the HSL protein was induced more than twofold (259 Ϯ 20%) at high compared with low glucose concentrations (Fig. 1) . The HSL activity, defined as the diglyceride lipase activity that was inhibited by neutralizing anti-rat HSL antibodies, showed the same degree of induction by high glucose concentrations (Table  1) . Total diglyceride lipase activity, however, was induced much less, suggesting that lipase activity that is not accounted for by HSL is not increased by high glucose concentrations ( Table 2) . Preincubation with anti-rat HSL antibodies reduced the diglyceride lipase activity by 25%, which is similar to our previous findings (17) .
To determine the dose dependence for the glucoseinducing effect on HSL expression, we incubated INS-1 cells with 1, 5, 10, 15, 20, 25, and 30 mmol/l glucose for To examine the effect of high glucose concentration on HSL mRNA levels, we performed Northern blot analysis. Incubation of INS-1 cells for 16 h at 25 mmol/l glucose resulted in more than threefold higher levels of the 3.1-kb HSL mRNA found in these cells (17) compared with cells incubated at 3.3 mmol/l glucose (Fig. 3) . No difference was observed for 18S rRNA levels, used to correct for differences in RNA loading on the gel. To determine whether induction of HSL mRNA levels can occur in the absence of transcription and whether glucose exposure affects the half-life of HSL mRNA, we incubated INS-1 cells at high (25 mmol/l) or low (3.3 mmol/l) glucose concentrations in the presence of 4 g/ml actinomycin D. RNA was extracted at different time points and quantified by Northern blot analysis. These experiments demonstrated that actinomycin D inhibited the induction of HSL mRNA by high glucose and, furthermore, that the half-life of the HSL mRNA in INS-1 cells is short (Ͻ10 h) with no difference between high and low glucose conditions (data not shown). Consequently, glucose induction of HSL mRNA seems to not be the result of increased stability of HSL mRNA but rather the result of an increased transcription of the HSL gene.
To confirm in normal islet tissue the effect of glucose observed on HSL expression in INS-1 cells, we incubated freshly isolated rat islets for 16 h in RPMI 1640 medium supplemented with 10% serum and 3.3 or 25 mmol/l glucose. Western blot analysis showed a twofold induction of HSL protein at the higher glucose concentration (Fig. 4) . Similar induction of HSL protein was seen in INS-1 cells when the incubation was performed in the presence of serum (data not shown). Two isoforms of HSL were found in lysates from rat islets, which is in agreement with an earlier study (17) . Both isoforms of HSL were induced at high concentrations of glucose, although not to the same extent. At 3.3 mmol/l glucose, the two isoforms were expressed at equal levels, whereas at 25 mmol/l glucose, the level of expression of the 89-kDa isoform was 50% higher than that of the 84-kDa form. Lipolytic activity is increased in INS-1 cells cultured in high glucose. To confirm that the induction of HSL by glucose correlated with an increased mobilization of triglyceride stores, the release of glycerol, which is an end product in lipolysis, was measured. After 16 h of incubation of INS-1 cells with 3.3 or 25 mmol/l glucose, medium samples were collected from each well and glycerol was measured. The accumulated glycerol was several-fold higher in cells that were incubated with high glucose compared with low glucose (Fig. 5) . Cells that were incubated with high glucose concentrations released 17.5 Ϯ 1.5 nmol glycerol/mg protein during the 16-h incubation, whereas cells that were incubated with 3.3 mmol/l glucose released only 1.0 Ϯ 0.05 nmol glycerol/mg protein.
Glucose needs to be metabolized to induce HSL expression. To gain insight into the mechanism of HSL induction by glucose, we investigated the effect of various sugars on the HSL expression. INS-1 cells were incubated in RPMI medium containing 3.3 mmol/l glucose and 21.7 mmol/l of one of various glucose analogs. Cells that were challenged with 25 mmol/l D-glucose showed a significant increase (223 Ϯ 14%) in HSL protein expression (Fig. 6) . Mannose, which is metabolized in ␤-cells and a potent insulin secretagogue, also increased the expression level of HSL (179 Ϯ 9%), whereas fructose had no effect.
2-Deoxyglucose, which is phosphorylated by glucokinase but not metabolized further, was able to stimulate HSL expression significantly (130 Ϯ 4%), albeit to a lower extent. Galactose and 3-orthomethylglucose, two sugars that are transported into the cell but not metabolized, had no effect on HSL expression. L-Glucose and mannitol did not induce HSL expression, showing that the effect of the sugars was not due to changes in osmolarity. Using Northern blot analysis, we investigated the effect of mannose and 2-deoxyglucose at the mRNA level. The result showed that mannose and 2-deoxyglucose induced HSL mRNA, mannose being as effective as glucose, whereas 2-deoxyglucose was less effective (data not shown). Taken together, the results suggest that glucose-6-phosphate is an important mediator of the glucose effect on HSL, although a contribution by additional mediators, generated through metabolization of glucose beyond the glucokinase step, cannot be excluded.
DISCUSSION
This study shows that long-term (Ն16 h) exposure of INS-1 cells and islets to high glucose concentrations causes a concentration-dependent induction of HSL expression. The induction, which is paralleled by an increased lipolysis, is seen at the level of enzyme activity, protein, and as mRNA expression, suggesting that the effect is mediated via increased transcription of the HSL gene. This proposal is supported by the results of actinomycin D decay assays, which showed no significant effect of high glucose on HSL mRNA stability. Mannose and 2-deoxyglucose also induced HSL protein expression in the INS-1 cells, whereas other tested glucose analogs had no effect. The stimulation of HSL expression by 2-deoxyglucose was smaller than the effects seen with glucose and mannose, which may be due to the toxic effects of this analog. Consequently, glucose-6-phosphate may by the effector in stimulating HSL expression. However, the existence of additional mediators, generated through metabolization of glucose beyond the glucokinase step or generated as a result of early mitogenic events induced by glucose, i.e., activation of signal transduction pathways involving mitogen-activated protein kinase, protein kinase C, and Ca 2ϩ -dependent kinases, cannot be excluded and needs to be investigated further.
The regulation of HSL expression by glucose has been studied previously in adipocytes. With the murine adipocyte cell line 3T3-F442A as a model, deprivation of glucose was found to decrease HSL mRNA and HSL activity levels by a factor of 2-3 (22). In another study in which primary rat adipocytes were used as a model, glucose in combination with insulin was found to increase the levels of basal lipolysis as well as HSL protein expression (23) . Glucose alone, however, had no effect. The reason for the discrepancy between the two studies is not known but could be attributed to the different experimental models. Glutamine has been shown not to be required for the glucose effect on induction of basal lipolysis in adipocytes, indicating that the hexosamine pathway is not involved in mediating the effect (23) . Glucose analogs have not been tested in the adipocyte models, making it difficult to draw any conclusions about how the effect of glucose on HSL expression is mediated.
In agreement with what has been described previously, we observed two different HSL isoforms in isolated islets: one 84-kDa form and one 89-kDa form (17) . INS-1 cells, however, express only the larger isoform. This may reflect either that ␤-cells express the 89-kDa isoform whereas other islet cell types express the 84-kDa form or that there is a difference between normal ␤-cells and INS-1 cells. Previous reverse transcriptase-polymerase chain reaction data indicated that the 84-kDa isoform in islets is identical to the main isoform expressed in adipocytes (17) . In this study, we found that glucose induces both isoforms, although not to the same extent. Induction of both isoforms also was observed in adipocytes (23) , suggesting that in both islets and adipocytes, there is a coordinated regulation of the two HSL isoforms by glucose. The possibility that the 84-kDa protein in islets represents a proteolytic fragment of the larger isoform cannot be excluded.
Because we found that incubation of cells or islets with high glucose for 16 h was required to induce HSL expression, whereas no effect of glucose was evident after 8 h of incubation, it is possible that the glucose effect on HSL is of major relevance during long-term exposure to high glucose. Chronically elevated glucose levels are known to alter ␤-cell secretory function, as evidenced in studies that showed sensitization to glucose with a markedly augmented secretion at low glucose concentrations and a lack of response to high glucose concentrations after prolonged exposure of ␤-cells to high glucose (24, 25) . The mechanisms underlying these adaptive changes of the ␤-cell to a hyperglycemic environment are only partly understood but may involve altered expression of a number of glucose-regulated genes, in particular glycolytic enzymes and other proteins involved in glucose metabolism. GLUT2 as well as downstream glycolytic enzymes, such as phosphofructokinase isozymes, glyceraldehyde-3-phosphate dehydrogenase, and L-pyruvate kinase, have been shown to be induced in the ␤-cell line INS-1 (26, 27) . Glucokinase activity has been found to be increased without altered mRNA levels (28) . Insulin gene transcription and proinsulin mRNA translation increase in response to long-term exposure to high glucose levels (29) . The massive deposition of glycogen has been proposed to contribute to the sensitization to glucose at low concentrations by channeling glucose to the glycolytic pathway (26) . Long-term exposure of INS-1 cells to high glucose also has been found to induce lipogenic enzymes such as fatty acid synthase, acetyl-CoA carboxylase, and malic enzyme (13) . Our present study suggests that the induction of HSL expression is part of the adaptive process to a long-term hyperglycemic environment. HSL was recently found to be expressed in ␤-cells and proposed to be involved in generating lipid-derived signals that are necessary for stimulus-secretion coupling (17) . It is of interest that the dose-response relationship between glucose concentration and HSL expression (see Fig. 2 ) displays a marked glucose effect within the range of hyperglycemic levels, which correspond to the levels seen in patients with type 2 diabetes. It is suggested that the adaptive response to long-term glucose exposure in HSL expression evolves for the generation of lipid signals needed for the augmentation of insulin secretion to normalize the hyperglycemia. The nature of the lipid-derived signals is unknown, but among suggested candidates are malonyl CoA, long-chain acyl CoA, and diglycerides. Long-chain acyl CoA thereby might be the effector signal, augmenting the exocytosis of insulin, whereas malonyl CoA is more of a regulatory signaling molecule, because it inhibits carnitine palmitoyltransferase 1, leading to inhibition of fatty acid oxidation with a resulting accumulation of long-chain acyl CoA in the cytosol (8, 30) . Other candidate lipid-derived signals are fatty acid derivatives that act as ligands for the peroxisomal proliferating activated receptors, which may regulate genes of importance for the ␤-cell adaptation to hyperglycemia.
We found evidence of increased lipolytic activity after exposure of ␤-cells to a high glucose concentration because glycerol release was stimulated under such conditions. Thus, increased HSL expression and activity may contribute to an increased flux of all potential lipidsignaling molecules, through hydrolysis of the increased triglyceride stores. Noteworthy, fatty acid oxidation is decreased as ␤-cells are exposed to high concentrations of glucose (13) , which is in agreement with the notion that simultaneous increase in triglyceride deposition and lipolysis mainly serves the purpose of providing an increased flux of lipid-signaling molecules. The concerted induction of lipogenic and lipolytic enzymes thus is triggered by the increased glycolytic flux and may be part of the mechanism behind the glucose sensitization and altered secretory function observed upon prolonged exposure of ␤-cells to high glucose concentrations. It may be speculated that the ␤-cell adaptation to long-term glucose exposure fails in type 2 diabetes, initiating the progressive islet dysfunction. If so, then pharmacological means to augment and support the glucose-induced HSL expression might be a new avenue for preservation of islet function in type 2 diabetes.
